Abstract In order to reduce the burden of electric arc furnace dust on steel recycling plants, a new technology called in-process separation (IPS) was proposed. By separating Zn vapor from the solid particles in the electric arc furnace off-gas, production of Zn-containing electric arc furnace dust may be prevented. However, the spinel formation reaction at high temperatures and its impact on the technology's feasibility still require better understanding. This paper demonstrates a model that was developed to provide this insight, based on the results of our previous work on the kinetics of the spinel formation.This model evaluates the performance of IPS based on four key process parameters: the position of the separation unit, the timetemperature profile inside the off-gas duct, the solid particle size distribution, and the initial Zn and Fe content of the off-gas. The impact on the efficiency of each parameter was demonstrated using the results of the model for a specific off-gas treatment setup.
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Introduction
When galvanized steel scrap is recycled, zinc-containing electric arc furnace (EAF) dust (EAFD) is produced. Since 50 % of all produced zinc is used in galvanizing [1] , EAFD plays a key role in the life cycle of zinc. Multiple methods exist to treat EAFD, aiming for high metal recovery and reduction of the amount of material sent to landfills. The historically preferred Waelz Kiln is still standing strong as the leading process with an EAFD treatment market share over 80 % [2] . Unfortunately, the technology leads to the production of Waelz slag, which is often sent to landfill due to lack of an application. As a radical alternative to the traditional posttreatment approach, Ma [3] and Furuuchi et al. [4] have proposed to separate Zn and Fe into different streams before they form EAFD in the off-gas treatment system. This separation strategy was labeled In-process separation (IPS). Under normal operating conditions, EAF off-gas leaves the furnace as a gas mixture containing metallic Zn vapor along with steel and slag droplets. Theoretically, a pure zinc vapor can be obtained by collecting dust at a high temperature before the zinc can react or precipitate. The Zn-containing stream would need to be treated for halides, but can then be sold to Zn smelters, while the Fe-containing stream can be returned to the EAF. Therefore, the addition of a separator unit to the EAF off-gas treatment system could replace the need for a resource intensive post-treatment plant. In the setup discussed by Furuuchi et al. [4] , a coke bed filter was used in combination with a sealed-type EAF furnace. However, most EAF systems are currently operated as open type systems [5] . Conversion to a sealed-type system has a big impact on the operation condition and will increase the cost to implement IPS. In order to be compatible with off-gas with a much higher p O 2 (due to air intake of an open system) an alternative dust capture system needs to be considered.
To understand the requirements of this dust capture system, the authors of this work already considered the thermodynamics and kinetics of the open system EAF off-gas. Unlike the first IPS feasibility assessment [3] , we included the air intake and the presence of iron oxide particles in the off-gas. We found that, thermodynamically, Zn vapor will react with magnetite to form franklinite (Reaction 1) [6] . In order to understand the impact of this reaction on the composition of the solid particles in the EAF off-gas, the reaction kinetics were studied and diffusion coefficients describing the reaction were found [7] .
In this article, a model is presented that enables calculation of the Zn metal recovery in an open type EAF offgas treatment system. Since any Zn losses from the vapor phase to the solid particle fraction will reduce the IPS Zn recovery efficiency, the model can also be used to determine and maximize the Zn recovery efficiency for any given EAF plant through IPS.
Modeling Procedure Assumptions
The following educated assumptions were made to support the model: (1) the slag particles in the off-gas do not react with the Zn vapor, (2) the outer shell of the iron oxide particles consists of magnetite, (3) all particles react with a constant Zn activity at the surface, (4) the complete particle surface is available for the reaction, (5) all iron oxide particles are perfectly spherical, (6) the diffusion coefficient is constant throughout the whole particle, and (7) the endpoint of the calculation represents particle capture and thus the end of the Zn diffusion.
Approximation
The final efficiency result is also based on the approximation that franklinite formation is the only cause for Zn losses. This approximation is reasonable since, even for typical EAF air intake ratios, metallic Zn is thermodynamically stable compared to ZnO at high temperatures ([1300°C) [6] . At lower temperatures, ZnO will become more stable. However, we did not consider the free ZnO particles lost to the solid fraction because the particles formed through oxidation of Zn vapor are sub-micron-sized [8, 9] and particles of this size are hard to capture using known dust capture technologies.
Any Zn lost to ZnO formation of the surface of other particles does contribute to the actual Zn losses. However, due to the difficulty in calculating this amount, it was not included in this work. Therefore, the reported losses in this work provide a best-case scenario that only considers the losses into ZnFe 2 O 4 .
Input Parameters
To use this model, some plant-specific information is required.
-The time-temperature profile of off-gas in the off-gas duct. -The particle size distribution of the particles between 1 and 40 lm.
-The composition of EAFD currently produced at the plant. More specifically, the distribution of Fe over Feoxide and slag particles (A), and the total Zn/Fe ratio (B).
It is possible that the temperature in the off-gas ducts rises above 1700 C [10] . However, in previous work, we already found that the formation of ZnFe 2 O 4 only starts at temperatures lower than 1500 C for the average zinc vapor pressure present in EAF off-gas [6] . Therefore, only time spent below 1500 C was considered when determining the time-temperature profile.
Calculation Method
The model is based on 5 steps as shown in Fig. 1 .
À The reactive iron oxide particles are distributed in size classes. All particles in a size class are considered to have the same particle size. If the particle distribution is given in vol%, the values are converted to absolute abundance (number of particles) per particle size.
For each cluster, the diffusion of Zn into magnetite is then calculated by solving the diffusion equation for a spherical symmetry. As we consider the diffusion coefficient to be constant throughout the particle, the diffusion equation can be written as
The following initial (I.C.) and boundary conditions (B.C.) were used (see Fig. 2 for dimensions):
A time and spatial resolution of 0.1 ms and 0.1 lm were used, respectively. The value 27.12 wt% was used as it is the maximum Zn content of ZnFe 2 O 4 .
By defining the temperature T (in K) as a function of time (in ms):
The time dependence of the diffusion coefficient obtained in our previous work (Eq. 4) [7] can be accounted for. This allows the implementation of the time-temperature profile into the model.
with R the universal gas constant (J mol À1 K À1 ). In the case of changing cooling rates, the diffusion equation needs to be solved in multiple steps. For each step the boundary conditions remain the same, but starting from Fig. 1 Schematic illustration of the calculation method used in the kinetic model. The model is based on À distribution of the reacting iron oxide particles in size classes,`diffusion calculation of Zn in magnetite spheres,´particle composition determination,ˆsumma-tion over all particle size classes to obtain the reacted dust composition, and˜calculation of the total dust composition and the relative Zn loss to the solid particle fraction for an arbitrary amount of EAF off-gas. The Ã symbol in the the second step, C 0 in the initial condition is defined as the solution from the previous step. The cooling rate can be defined for each step using Eq. (3).
From the obtained Zn concentration and density profiles, the particle compositions are obtained. Based on the calculated density values of 5.2 g/cm 3 (magnetite) and 5.163 g/cm 3 (franklinite) [11] , a density profile can be obtained as a function of the Zn content as shown in the insert graph of Fig. 1 . Each particle is considered as the sum of thin (0.1 lm) shells and the particle composition can be found as
In which m X stands for the mass of element X (Zn, Fe, or O), V for volume, q for density, [X] for the concentration of that element, and i for the i-th shell. The total composition of the reacted dust can then be obtained by summation over all particle sizes, multiplied with their abundance.
Finally, the composition of the EAFD produced in the studied plant is used as illustrated in Fig. 3 . The input parameters A and B as defined in Sect. 2.3 were used.
The total amount of Fe in an arbitrary amount of off-gas can be obtained by
From this Fe T value, Zn T can be found through the conservation of mass:
The Zn loss ratio and maximum IPS Zn recovery efficiency (g) are given by:
Filling in (6) and (7) into (8) leads to the final equation of the model:
In which Fe and Zn stand for the amount of Fe and Zn in a stream defined by the subscript, respectively (in g). The subscripts T, ox, and loss, stand for the total composition of an arbitrary amount of EAF off-gas, the iron oxide particles after the reaction, and the relative amount lost to iron oxide fraction due to the reaction, respectively.
Evaluation of an Off-Gas Treatment System
The Time-Temperature Profile
The post-combustion system described by Kirschen et al. [12] was selected to evaluate the effect of different process parameters on the IPS Zn recovery efficiency. In this system, the majority of the EAF off-gas is collected in a 38-mlong hot gas duct with a strongly regulated air to EAF offgas intake volume ratio (V air /V EAF ). The temperature of the off-gas in the off-gas treatment duct strongly depends on this ratio as can be seen in Fig. 4a . V air /V EAF intake ratios of 1.5, 2.0, and 4.0 were selected for this study. While 1.5-2.0 represent the ideal post-combustion operation ratios, sometimes intake ratios higher than 2.0 are allowed to ensure complete post-combustion before cooling. Using a constant gas flow rate of 40 m/s in the ducts [12] and considering the reaction starting temperature of 1500 C, we obtained the time-temperature profiles used in this work (Fig. 4b) . For each profile three cooling rates were identified. Therefore, all calculations in Sect. 4.2 are performed in 3 steps.
The Particle Size Distribution
The EAFD from the Esch-Belval ArcelorMittal plant characterized in our previous work has a fairly uniform particle size distribution from 0.7 to 40 lm [6] . Dust with a higher abundance of small supra-micron particles has also been reported [8] . To understand the impact of particle size on the outcome of our model, four different particle size distributions were used in this work: -Real: the observed particle size distribution -Small: a gamma distribution (a = 2, b = 3) -Large: the horizontal mirror image of the small distribution -Uniform: a constant vol% for all particle sizes All distributions were defined for 27 particle sizes (Table 1) in vol% and are shown in Fig. 5 . These are the values used by a Mastersizer Microplus (Malvern Instruments) to report particle size distributions. Fig. 3 The relation between the EAFD composition and the IPS products. The Fe in the slag phase was considered separately because it does not react with Zn
The EAFD Composition
In general, the EAFD zinc content can vary from around 4-35 wt%, while iron varies from 25 to 50 wt%. The total sum of the zinc and iron oxides in the dust remains constant around 70 wt% [6] . The Esch-Belval dust is a zinc rich dust with a zinc and iron content of 27 and 29 wt%, respectively. To understand the impact of the EAFD composition on the model, eight artificial dust compositions were used ( Table 2 ).
The distribution of Fe over Fe-oxide and slag particles might be the most difficult parameter to determine. From our previous characterization study we found that the slag particles consist of two phases. Instead of a localized phase composition, the average slag composition is taken. By scaling one of the typical slag elements (Ca) to the total dust composition, the total weight content of Fe in the slag phase can be obtained. For Esch-Belval dust, a value of 6 wt% was found. This translates to a B ratio of 0.26. Values from 0 to 4 with a 0.5 increase step were used to test the sensitivity.
Results and Discussion
All Figures in this section are used to illustrate the impact of the studied process parameters on the zinc losses. The initial increase in Zn loss at the start of the reaction is due to the first boundary condition of the model where a surface concentration is imposed for all particles at the start of the reaction.
The Impact of Distance and the Time-Temperature Profile
Through the time-temperature profile, the diffusion coefficient is defined at each point in the off-gas duct. Spending a longer time at high temperatures will result in higher Zn losses to the solid fraction. Figure 6 shows the calculated 4 Temperature profiles inside the off-gas treatment duct for three air to off-gas intake ratios. a the temperature as a function of the distance from the entrance as derived from Kirschen et al. [12] , and b temperature as a function of the reaction time Fig. 5 The four particle size distributions used in this work, each defined by 27 particle sizes Table 2 The Zn and Fe content of the artificial dust compositions (in wt%) [13] Zn/Fe ratio (B) 0. Zn loss values for the three profiles defined in Fig. 4b . The real particle distribution was used as a fixed parameter, along with the Esch-Belval dust composition. Figure 6 clearly shows that the initial cooling rate of the dust is crucial to minimize Zn losses. Even though the V air / V EAF ratio of 4.0 is a less efficient ratio when it comes down to heat recovery from post-combustion [12] , the initial high cooling rate has a high impact on the IPS efficiency. The second cooling rate is less steep and the temperature of the off-gas even becomes higher than for the optimal post-combustion air intake ratios. This results in higher reaction rates for the second calculation step (as can be seen in Fig. 6 ). The total impact of this second step is still noteworthy, but no longer as defining for the total efficiency as found in the first step. Finally, the last calculation step only marginally contributes to the Zn losses. Even though the low temperatures make the reaction even more favorable thermodynamically, the kinetics are hindered too much to lead to a significant reaction rate.
Considering Fig. 4a , one might think the V air /V EAF ratio of 1.5 should have resulted in the most Zn losses due to the higher temperatures. However, because of our assumption that the reaction only starts at 1500 C, the higher cooling rate at high temperature of this air intake ratio results in a shorter time at a high temperature below 1500
C. Therefore, this air intake ratio actually has a more optimal timetemperature profile than the V air /V EAF ratio of 2.0 (Fig. 4b) .
The Impact of the Particle Size Distribution
Through diffusion, zinc enters the iron oxide particles over time to form ZnFe 2 O 4 . Its easy to understand that smaller particles will saturate faster because the diffusion distances are shorter. Therefore, a particle distribution with a higher relative amount of smaller particles will lead to higher Zn losses. This effect can clearly be seen in Fig. 7 , which shows the calculated Zn loss values for the time-temperature profile of the V air /V EAF ratio of 4.0 and the real EschBelval dust composition. Preventing the formation of small iron oxide particles that end up in the off-gas will greatly improve the IPS efficiency.
Despite having multiple peaks in its particle size distribution, the Esch-Belval dust behaves nearly identical to the uniform particle size distribution. This can be attributed to the fact that it contains both a lot of small and large particles.
The Impact of the Initial Zn and Fe Content of the Off-gas
The effect of the dust composition on the IPS efficiency can directly be derived from Eqs. (9) and (10) . The Zn loss results relates to the Fe slag /Fe oxid ratio as 1/(1?A), and to the Zn EAFD /Fe EAFD ratio as 1/B. These relationships are visually shown in Fig. 8 .
Obviously, for an off-gas stream with a lower Zn content, each loss represents a higher relative Zn loss than for higher Zn content off-gasses. Unless IPS can be implemented close to the entrance of the off-gas treatment system, the Zn recovery efficiency will be very low for low Zn EAFD producing plants.
Although the effect of the Fe distribution over the slag and oxide phase is smaller than that of the total Zn content, adjustment of this parameter does not require changing the furnace input streams. Having Fe more in the slag than in the iron oxide particles in the off-gas can reduce the Zn losses by a factor of 5 as can be seen from Fig. 8 . By operating the EAF under conditions that prevent iron particles to escape from the furnace bath, Zn has less iron oxide material to diffuse into. Relative zinc loss to franklinite
Distance from the entrance (m) small large uniform real Fig. 7 The impact of the particle size distribution on the relative zinc loss to franklinite
Conclusion
A model was developed that can calculate the performance of the new IPS technology. One of the most important decisions that must be made when implementing this technology will be its position in the off-gas treatment system. The ideal position for the IPS system would be as close to the entrance as possible. Not only do the particles have less time to react, but the high temperatures in the initial meters lead to the fastest reaction rates and a large fraction of the Zn losses. However, high temperatures and space limitations might render this option too costly. Therefore, the position will be decided more by feasibility than in function of the IPS efficiency.
The surprisingly positive result for the high air intake ratio operating conditions could have a large impact on how the EAF is operated. Even though the heat recovery from the post-combustion is less effective, this could be warranted by the increase in IPS efficiency.
As expected, small particles contribute more to overall zinc losses than the larger particles. Re-evaluation of the EAF operation conditions to minimize fine particle generation will further improve the IPS efficiency.
Finally, the model indicates that IPS should initially be used for high Zn EAFD producing plants. For the low Zn plants, the amount of Zn reacting with the iron oxide will lead to much larger relative losses, resulting in very low IPS Zn recovery efficiencies. This effect is much smaller for plants with a high Zn content, making them ideal candidates for pilot plant testing of the technology. Fig. 8 The impact of the initial EAFD composition on the relative zinc loss to franklinite at the end of the off-gas treatment system (40 m from the duct entrance)
